Medicine-To elucidate the effect of maternal styrene exposure, which is due to various postnatal changes in the development and behavior of offspring, we investigated pregnancy-induced changes in the metabolism of styrene in rat liver in relation to the regulation of cytochrome P450 enzymes. We also examined age and sex-induced changes in the metabolism of styrene. Pregnancy appeared to exert a negative effect on cytochrome P450 content at the late stage, whereas microsomal protein content showed little change during pregnancy. Pregnancy significantly decreased the rate of formation of styrene glycol at the late stage. The percentage of remaining activity in microsomes exposed to anti-CYP2E1 was lower than that exposed to anti-CYP2C11/6 in pregnant and nonpregnant female rats and immature male rats, indicating that CYP2E1 contributes to the metabolism of styrene more than CYP2C11/6 in these rats. Although pregnancy seemed to decrease styrene metabolism, the contribution of CYP2E1 seemed to be slightly increasing. In conclusion, pregnancy clearly influences the metabolism of styrene as well as other characteristic factors such as age and sex. It is very important to elucidate the changes in specific P450 isozyme composition related to their characteristic modification and in their affinity for chemicals. (J Occup Health 2005; 47: 49-55) 
Styrene is an important industrial chemical widely used for the production of reinforced plastics and various polymers such as polystyrene, resins, paints, and synthetic rubbers 1, 2) . Exposure to styrene can also occur owing to its presence in automobile exhaust, cigarette smoke and packed foods and water 3) . Styrene is activated m e t a b o l i c a l l y b y c y t o c h r o m e P 4 5 0 ( C Y P ) monooxygenases to styrene 7,8-oxide (SO), which is a toxic, mutagenic and potentially carcinogenic form 1) . Adducts of styrene to proteins and DNA are formed via this metabolic intermediate SO in hemoglobin 4, 5) . In mice and rats, it induces tumors dose dependently after oral administration [6] [7] [8] . This reactive intermediate is, in humans, mainly detoxified by microsomal epoxide hydrolase (EH) to styrene glycol (SG) 9) . In rats, in vivo exposure to styrene results in high SO levels in liver, lung, kidney and brain; so that most of adverse effects of styrene have been attributed to accumulation of SO in tissues 1) . 4-Vinylphenol (4-VP) is a minor metabolite of styrene and metabolized primarily by CYP2E1 and CYP2F2 10, 11) . 4-VP is a more potent toxicant in mice than either styrene or SO. Approximately 95% of the styrene retained upon inhalation was excreted as urinary metabolites by rats 12) . Cytochrome P450 consists of multiple isozymes, which were inducible and are expressed differently in tissues 13) . The cytochrome P450 isozymes involved in styrene metabolism and their distribution, including their induction and destruction by chronic treatment, in target tissues must therefore be addressed. The unique ability of monoclonal antibodies (MAbs) to define the P450 responsible for the metabolism of styrene was previously shown both in human and rat tissues [14] [15] [16] . In humans, CYP2E1 is the main isoform responsible for styrene metabolism 15, 17, 18) , whereas CYP2B6 is the most active isoform at the high substrate concentrations 15) . At least four CYPs, CYP2C11/6, CYP2E1, CYP2B1/2 and CYP1A1/2 had been reported to contribute to the metabolism of styrene in rats 18) . CYP2C11/6 is the major form of P450 responsible for the metabolism in untreated rat liver microsomes, whereas Anti-CYP2E1 inhibited styrene oxidation more prominently in microsomes from styrene-treated rats 14) . We have reported various postnatal effects of prenatal styrene exposure on development, behavior and neurochemical levels in offspring rats [19] [20] [21] [22] , but pregnancy-induced changes in styrene exposure remain largely unknown.
In the present study, we investigated pregnancyinduced changes in the metabolism of styrene in rat liver to elucidate the effect of maternal styrene exposure, which may cause various postnatal changes in the development and behavior of offspring.
Materials and Methods

Animals
The experiment was performed in accordance with Guidelines for Animal Experiments of the Sapporo Medical College and Hokkaido University. Male and female Wistar rats were obtained from Nippon Clea (Tokyo, Japan) and were maintained three to a cage on a 12-h light/dark cycle in an environment with controlled temperature and humidity, provided with rodent chow (MF and NMF, Oriental Yeast Co.,Tokyo, Japan) and tap water ad libitum. Sixteen female rats were mated by placing them each with one male in a cage overnight; sperm and vaginal plugs were checked the following morning. The day on which the sperm or vaginal plugs were found was recorded as the 1st day of gestation. On the 10th and 2lst days of gestation, five and seven dams, respectively, were sacrificed by decapitation and the liver was removed. The offspring of the other four rats were sacrificed and their livers were removed on the first day (female) and 3 wk after birth (male, female); the livers of rats in the same litters were pooled for each sex. Six intact male and female rats were sacrificed at 18 wk of age. To prepare the microsomal suspension, 25% liver homogenate in 1.15% KCl solution was centrifuged at l0,000 × g for 10 min, the supernatant was centrifuged further at 105,000 × g for 60 min and the microsomal pellets obtained were suspended in 50 mM potassiumphosphate buffer (pH 7.4) containing 10 % (v/v) glycerin and frozen at -85°C. Microsomal protein was determined by the method of Lowry et al. 23) , and P450 content was measured by the method of Omura and Sato 24) .
Metabolism Assays
Styrene metabolism was determined by measuring the rate of formation of styrene glycol, according to the method of Nakajima et al 25) . The reaction mixture contained an NADPH-generating system (1 mM NADP, 20 mM glucose 6-phosphate, 2 IU glucose phosphate dyhydrogenase and 50 mM magnesium chloride), 200 µg of liver microsomal protein, 50 mM potassium phosphate buffer (pH 7.4) and 0.085 mM styrene, to a final volume of 0.5 mL. The reaction was started by adding the substrate, and the reaction vials were placed in a thermoregulated, shaking water bath at 37°C. After 10 min incubation, 0.1 mL of 15% (w/v) zinc sulfate and saturated barium hydroxide was added to stop the reaction for measurement of styrene glycol formation. The mixture was centrifuged at 1,800 g for 15 min, and 20 µL of supernatant was injected into a high-performance liquid chromatograph with an ultraviolet-vis detector and a chromatointegrator. The analytical conditions were as follows: 4.0 mm diameter × 250 mm stainless steel column packed with Unisil C18; mobile phase, 10% (v/ v) acetonitrile solution containing 0.25% (v/v) phosphoric acid at a flow rate of 1.1 mL/min; wavelength 200 nm. The retention time of styrene glycol was 10.2 min; the amount of styrene glycol formed increased linearly with respect to incubation time for at least 30 min and up to 1.0 mg microsomal protein.
Inhibition by Monoclonal Antibodies
In order to explore the relationship between changes in styrene metabolism by sex, age and pregnancy and changes in P450 isoenzymes, MAbs were raised at the U.S. National Cancer Institute, Laboratory of Metabolism, by a modification of the method of Koehler and Milstein 26) . In the present study, two MAbs that had been shown to be specific for different cytochrome P450s were used: anti-CYP2C11 MAb (clone 1-68-11), which is steroid hormone-inducible male-specific and cross-reacts with CYP2C6, and anti-CYP2E1 (clone 1-91-3), an ethanol-inducible P450 isozyme [27] [28] [29] As a control MAb, Hy-Hel against chicken lysozyme was used to determine any nonspecific reaction. MAbs were added to pooled microsomes and buffer at room temperature 30 min before the start of the metabolism assay at 37°C by adding an NADPH-generating system and styrene. In preliminary experiments, maximal inhibition by each MAb was obtained at MAb protein: microsomal protein ratios below 1.0.
Statistics
Analysis of variance was performed. When there was significant difference among groups, means were tested by Student's t-test or paired t-test. The 0.05 level of probability was the criterion of significance.
Results
Mocrosomal Protein and Cytochrome P450
Pregnancy, age and sex-induced changes in microsomal protein and cytochrome P450 content are showed in Fig. 1 . Pregnancy appeared to exert a negative effect on cytochrome P450 content at the late stage (day 21), whereas microsomal protein content showed little change during pregnancy. The cytochrome P450 content in newborn female rats was lower than that at the age of 3 wk, whereas the microsomal protein contents were similar. At the age of 3 wk, the cytochrome P450 content was the same in males and females, but the microsomal protein content was significantly higher in males than in females; at 18 wk, the cytochrome P450 content in females was significantly lower than that in males. The contents of both microsomal protein and cytochrome P450 increased significantly in male rats between 3 and 18 wk, but in female rats only microsomal protein content increased between these ages. Thus, there was sex difference in microsomal protein content at 3 wk of age and in cytochrome P450 content at 18 wk of age.
Formation of Styrene Glycol
The metabolism of styrene was evaluated by the formation of styrene glycol (Table 1 ). Pregnancy significantly decreased the rate of formation of styrene glycol at the late stage (day 21). Age had an effect only on male rats, with a higher rate of formation of styrene glycol at 18 wk of age than at 3 wk. A sex differences was found at 3 and 18 wk of age, with a higher rate of formation in male rats than in female.
Inhibition of Styrene Metabolism by MAbs
The inhibition of styrene metabolism by MAbs (anti-CYP2E1 and anti-CYP2C11/6) was analyzed, and the remaining activity and the control (Hy-Hel) are showed in Fig. 2 . The percentage of remaining activity in microsomes exposed to anti-CYP2E1 was lower than that exposed to anti-CYP2C11/6 in pregnant and non-pregnant female rats and immature male rats, indicating that CYP2E1 contributes more to the metabolism of styrene than CYP2C11/6 among these rats. In adult male rats, on the other hand, CYP2C11/6 seemed to contribute to styrene metabolism no less than CYP2E1. Although styrene metabolism seemed to be gradually decreased during pregnancy, the contribution of CYP2E1 seemed to be relatively increasing styrene glycol formation.
Discussion
Pregnancy is known to decrease the overall content of the constitutive P450 isozymes in rats and mice 25, 30) The present study shows that pregnancy appeared to exert a negative effect on cytochrome P450 content at a late stage, whereas microsomal protein content showed little change during pregnancy. Pregnancy also decreased the rate of formation of styrene glycol, to which CYP2E1 contributed more than CYP2C11/6. In our previous study, pregnancy slightly decreased the levels of two constitutive isozymes, CYP2E1 and CYP2C11, and correspondingly suppressed the metabolite rates of toluene and trichloroethylene 25) . It was also reported that pregnancy decreased CYP2E1 in the metabolism of acetone 31) . CYP2E1 expression was suppressed in females particularly in late pregnancy in both acetone-treated and untreated rats, although CYP2E1 induction by acetone was still observed during pregnancy. The decrease in hepatic CYP2E1 in pregnancy and its rapid reversal could result from changes in CYP2E1 apoenzyme accompanied by alteration in CYP2E1 gene transcription or its mRNA turnover rate 31) . On the other hand, Symons et al. (1982) suggested that the reduction might be due to microsomal phospholipids contents or its composition 32) . CYP2E1 has multiple mechanisms of regulation such as transcriptional activation during normal development, pretranslational activation during starvation or diabetes, and various post-translational activation of CYP2E1 by its substrates 31) . In the present study, CYP2E1 was found to be one of the major P450 forms involved in styrene oxidation in female rats. An additional pathway has been identified in which the paraposition on the styrene is hydroxylated to yield 4-VP with evidence of the formation of this metabolite 33, 34) . 4-VP is metabolized to as yet unidentified metabolites although it has been suggested that these may be ring-opened products 11) . Carlson et al. (2001) have shown that the 4-VP is metabolized rapidly by mouse and rat hepatic and pulmonary microsomes 10) . This process requires NADPH, and the use of chemical inhibitors has identified CYP2E1 and CYP2F2 as being the most important cytochrome P450s involved 11) . Further studies should be needed to clarify changes in CYP2E1 during pregnancy in the metabolism of styrene including minor pathways.
Levels of hepatic microsomal monooxygenase activity are very low during fetal development in most mammals but increase rapidly soon after birth. The analysis of immunochemically detectable proteins showed that some P450 isozymes are regulated developmentally in sexspecific fashion. The present study shows that styrene metabolism was dependent on cytochrome P450 content more than microsomal protein content but that was differed according to age and sex. In liver microsomes from male rats, styrene metabolism was regulated developmentally: the rate of styrene glycol formation is much higher in older than in younger rats. In liver microsomes from female rats, on the other hand, styrene metabolism was regulated in a different way from that of male rats: the styrene glycol formation is almost constant in non-pregnant female rats. In addition, little styrene oxidation was found in liver microsomes from fetal rats (data not shown). The study with MAbs indicates that CYP2E1 and CYP2C11/6 contribute to the formation of styrene glycol from styrene but, the contribution of each enzyme differed according to sex. This sex difference can be attributed mainly to a difference in the distribution of male specific CYP2C11 and in the affinity of hydrocarbons for this isozyme: hydrocarbons with a high affinity for CYP2C11 may exhibit a sex difference in their metabolism. There is also a sex difference in the CYP2E1 level, but this is very small compared to the difference in CYP2C11 and would not be reflected as a sex difference in metabolism 25) . The major form involved in this metabolism in adult male rat liver microsomes was CYP2C11, because in adult male rats, although CYP2C6 is expressed equally to CYP2C11, the specific activity of the latter for styrene metabolism is 5.4-fold that of the former 35, 36) . The male specific CYP2C11 is at significant levels in immature male rats 37, 38) and reflects a more than 30-fold induction of isoenzymes at puberty in male but not in female rat liver; these results are in good agreement with our findings that the CYP2C11/6 level increased at puberty compared with that in immature male rats. In addition, it is of great interest that CYP2C11 was also the major form responsible for the formation of styrene glycol even in microsomes treated with ethanol, which greatly induces CYP2E1 39) . On the other hand, the expression of CYP2C6 in liver from adult male rats was found to be equal to that from adult females 37) . Cytochrome P450 isoenzymes are characterized by the specificity of their substrates. CYP2E1 was one of the major P450 forms in benzene and trichloroethylene metabolism, whereas CYP2C11/6 was contributed mainly to toluene metabolism 25, 36) . Styrene seemed to have relatively high specific activity with one or a few cytochrome P450 isoenzymes and little or no activity with other isozymes. The previous study indicated that CYP2C11/6, CYP2E1, CYP2B1/2 and CYP1A1/2 contributed to the formation of styrene glycol of styrene 18) . Apart from CYP2E1 or CYP2C11/6, the female-specific CYP2C12 is developmentally induced in female but not in male rat liver, reaching its adult level by 8 wk of age 37) . The major form in the metabolism of styrene in rat lung was CYP2B1/2, which probably corresponds to CYP2B1 40) . Rat CYP2B1 was one of the most active of the P450s in catalyzing formation of styrene glycol: the activity was almost doubled that of human CYP2B6 41) . Further studies are required to determine the precise mechanisms of styrene oxidation including minor pathways by cytochrome P450 isozymes such as CYP2E1, CYP2C11/6/12, CYP2B1/2 and CYP2F2 during pregnancy according to age, and to evaluate the reproductive toxicity of each metabolite generated by P450 isozymes, in order to elucidate how maternal changes in styrene metabolism influence neurochemical levels in newborn rat brain and the neurobehavioral development and activity of offspring.
In conclusion, pregnancy clearly influences the metabolism of styrene as well as other characteristic factors such as age and sex. It is very important to elucidate the changes in specific P450 isozyme composition, and not just in the total content of P450, related to these characteristic modifications and in their affinity for chemicals.
